New agents are required for the treatment of chronic lymphocytic leukaemia (CLL). We show here that a protein kinase C inhibitor, bisindolylmaleimide IX, is a potent inducer of apoptosis in CLL cells, and investigate the mechanisms by which this is induced. Bisindolylmaleimide IX induced a conformational change and subcellular redistribution of Bax from the cytosol to the mitochondria, resulting in the release of the proapoptotic mediators cytochrome c, Smac and Omi/HtrA2 from the mitochondrial inner membrane space. This was followed by the activation of caspase-9 as the apical caspase and subsequent activation of effector caspases. CLL cells undergoing apoptosis showed a rapid caspase-mediated cleavage of Mcl-1, an antiapoptotic member of the Bcl-2 family implicated in CLL survival and poor prognosis. This cleavage was mediated primarily by caspase-3. Cleavage of Mcl-1 may provide a feed-forward amplification loop, resulting in the rapid induction of apoptosis. Bisindolylmaleimide IX or a related derivative may be of clinical use in the treatment of CLL.
Introduction
Chronic lymphocytic leukaemia (CLL), the most common adult leukaemia in the Western world, is characterised by the gradual accumulation of a monoclonal population of CD5 þ /CD19 þ B lymphocytes. This accumulation is believed to occur because of a failure of CLL cells to undergo apoptosis. 1, 2 Apoptosis, or programmed cell death, can be induced through two basic and distinct cell death-signaling pathways, both of which culminate in the activation of cysteinyl aspartate-specific proteases or caspases. [3] [4] [5] [6] Stimulation of death receptors, such as CD95 (Fas, APO-1), TNFR1 and DR5, leads to formation of the deathinducing signalling complex (DISC), which contains the receptor, the adapter protein Fas-associated death domain (FADD) and caspase-8, and is referred to as the extrinsic pathway. [3] [4] [5] [6] Similarly, various stressors, including toxicants and radiation, can induce mitochondrial release of cytochrome c and formation of the apoptosome, a complex that contains the adapter protein apoptotic protease-activating factor-1 (Apaf-1) and caspase-9 and is often referred to as the intrinsic pathway. [3] [4] [5] [6] All caspases are synthesised as single-chain zymogens, possessing a prodomain, a large (B20 kDa) subunit and a small (B10 kDa) subunit. Caspase-8 and -9 are referred to as apical caspases, because they contain long prodomains that allow them to interact with their respective adapter proteins and undergo proximity-induced autocatalytic activation. The activated apical caspases then propagate the death signal by activating the effector caspase-3 and/or -7, which proteolytically dismantle the cell by causing most of the biochemical and morphological changes characteristic of apoptosis. [3] [4] [5] [6] The fundamental defect preventing CLL cells from undergoing apoptosis is not known, although these cells generally appear to possess all the apoptotic machinery required to undergo apoptosis either by the extrinsic (death receptor) or intrinsic (mitochondrial) pathway. 7, 8 Resistance of CLL cells to the extrinsic pathway may be due to low surface expression of death receptors, such as CD95 (Fas/APO-1) or TRAIL, or high levels of inhibitors, such as c-FLIP, which prevent the activation of caspase-8, the apical caspase in death receptor-induced apoptosis. 8 Resistance of CLL cells to the intrinsic pathway has been attributed to high levels of the antiapoptotic protein Bcl-2 or to a high ratio of Bcl-2 to Bax, the major proapoptotic Bcl-2 family member present in these cells. 9, 10 Mcl-1 is another antiapoptotic Bcl-2 family member. High levels of Mcl-1 correlate with an inability to achieve complete remission in patients treated with alkylating agents or purine nucleosides. 11 Disease progression and poor survival in CLL have also been correlated with either high Bcl-2, Mcl-1 or Bcl-2/Bax ratio, and seem to correspond to the defect in the intrinsic pathway. In some leukaemias, there also appears to be an elevated expression of Mcl-1 at the time of relapse. 12 Increased expression of Mcl-1 is also responsible for the increased survival of CLL cells following culture in the presence of dendritic cells and antisense oligonucleotides to Mcl-1 suppressed this protection. 13 Although CLL cells are initially responsive to chemotherapeutic agents, ultimately they become resistant. Thus, novel therapeutic agents are required to treat the disease, which is currently incurable. In this respect, various antibody treatments including CAMPATH, proteasome inhibitors such as PS-341, and protein kinase inhibitors including flavopiridol are currently under investigation either as single agents or in combination with more conventional therapies. The protein kinase C (PKC) family of enzymes, which play a key role in proliferation, differentiation and cell death, is a prime target for the development of novel anticancer agents. 14, 15 Staurosporine is a potent nonselective inhibitor of PKC. Synthetic derivatives, including 7-hydroxy-staurosporine (UCN-01) and N-benzoylstaurosporine (CPG412, 51 PKC412), exhibit a greater selectivity for various forms of PKC, and are being assessed for therapeutic efficacy in various malignancies including CLL.
14-17 Particularly relevant to our present studies was the recent finding that several related bisindolylmaleimide derivatives potentiated CD95-induced apoptosis and suggested their use in chemotherapy. 18 In an attempt to see if these bisindolylmaleimide derivative agents sensitise CLL cells to the extrinsic pathway of TNF-related apoptosis-inducing ligand (TRAIL)-induced apoptosis, we noted that bisindolylmaleimide IX independently induced apoptosis in CLL cells, but not through the proposed decrease in FLIP. 8 In the present study, we describe that bisindolylmaleimide IX is a potent inducer of apoptosis in CLL cells by the intrinsic pathway. Bisindolylmaleimide IX induces a conformational change and subcellular redistribution of Bax, followed by the activation of caspase-9 as the apical caspase and then activation of effector caspases. A novel and unexpected finding was that apoptosis was associated with a rapid caspase-mediated cleavage of Mcl-1, which may provide a feed-forward amplification loop resulting in the rapid induction of apoptosis.
Materials and methods
Patients, B-cell purification and culture Peripheral blood samples from CLL patients, who had not received chemotherapy within the previous 6 weeks, were obtained after informed consent and with local ethical committee approval, and purified as previously described. 8, 19 An B95% pure population of cells expressing both CD19 and CD5 was obtained. Purified CLL cells were resuspended in RPMI 1640 medium, supplemented with 10% foetal calf serum and 1% glutamax at a density of 1-4 Â 10 6 ml À1 , and incubated at 371C in an atmosphere of 5% CO 2 with the indicated concentrations of bisindolylmaleimide derivatives. Pretreatment with the cell-permeable caspase inhibitor benzyloxycarbonylVal-Ala-Asp (OMe) fluoromethyl ketone (Z-VAD.fmk) (200 mM) (Enzyme Systems, Dublin, CA, USA) was for 30 min at 371C where indicated.
Reagents
Bisindolylmaleimides III, VIII and IX were obtained from Alexis Biochemicals (Nottingham, UK). The proteasome inhibitor MG132 (carbobenzoxy-L-leucyl-L-leucyl-L-leucinal) was from Affiniti Research Products Ltd (Exeter, UK). Anti-Bax Clone 3 monoclonal antibody was from Transduction Laboratories (Lexington, KY, USA). Monoclonal antibodies against Mcl-1 (S-19) and Bcl-2 were from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and DAKO (Ely, UK), respectively. Speciesspecific Alexa 488t secondary antibodies for immunocytochemistry were from Molecular Probes (Eugene, OR, USA). FITC-conjugated Annexin V was from Bender Medsystems (Vienna, Austria). Anti-mouse and anti-rabbit HRP conjugates were from Sigma (Poole, UK) and DAKO, respectively.
Subcellular fractionation and Western Blot analysis
After treatment, cells were pelleted, washed with ice-cold PBS and incubated on ice in buffer containing 0.05% digitonin for 10 min. Cytosolic (supernatant) and membrane (pellet) fractions were separated by centrifugation at 13 000 g for 10 min. Protein concentrations were determined by the Bradford assay and resolved by SDS-PAGE and immunoblotted for cytochrome c (Pharmingen, San Diego, CA, USA) and Bax (N-terminal, Upstate Biotechnology, Lake Placid, NY, USA). The antibody to Smac was generated as previously described. 20 The Omi Ab was generated by immunising rabbits with recombinant mature Omi (S/A), obtained by IPTG induction of E. coli strain BL21(DE3) (Novagen, USA) cells transformed with (pET21a) Omi D133S306A, kindly provided by ES Alnemri (Philadelphia, USA). After treatment, cells were also washed once in ice-cold PBS, cell pellets were snap frozen in liquid nitrogen and cell samples prepared for Western blot analysis as previously described. 8, 21 Membranes were developed by enhanced chemiluminescence according to the manufacturer's instructions (Amersham Life Science Ltd, Bucks., UK) and exposed to photographic film.
Preparation of CLL lysates for in vitro caspase activation
Lysates from CLL cells were prepared as previously described, 19 and activated by the addition of dATP (2 mM), cytochrome c (0.25 mg/ml) and MgCl 2 (1 mM). In studies with lysates, DEVD.CHO was used as the caspase-3-like inhibitor as cell permeability was not required.
Intracellular flow cytometric analysis
CLL cells were analysed by intracellular flow cytometry using the FACScan s for Bax expression, using anti-Bax Clone 3 monoclonal antibody, as previously described. 21 Using this antibody, two distinct populations of Bax-expressing cells, termed Bax lo and Bax hi , were observed following exposure to an apoptotic stimulus. The Bax hi cells represent a population of apoptotic cells or cells destined to undergo apoptosis. This antibody behaves as a conformational specific antibody, and recognises an epitope that is normally concealed and only exposed during apoptosis. -coupled reticulocyte lysate system (Promega, WI, USA). Recombinant processed caspase-3, -7 and -8 (pET21b) were expressed in BL21(DE3) cells, isolated using Ni-NTA agarose beads (Quiagen), and further purified by standard anion exchange chromatography and their activity determined by active site titration with Z-VAD.fmk. Mcl-1 was incubated with the purified caspases as previously described. 22 
Results

Bisindolylmaleimide IX induces apoptosis in CLL cells
Freshly isolated CLL cells were incubated with bisindolylmaleimide III, VIII and IX (0.1-10 mM) for 0-24 h, and apoptosis assessed by Annexin V staining. In pilot studies, all the three compounds induced apoptosis, but bisindolylmaleimide IX was chosen for further characterisation, as it was the most potent. Bisindolylmaleimide IX caused a concentration-and timedependent induction of apoptosis in CLL cells, with B47% cells undergoing apoptosis after 18 h (Figure 1a ). Z-VAD.fmk, a cell-permeable irreversible pan caspase inhibitor, completely inhibited this induction of apoptosis ( Figure 1a ). On examination of further samples, bisindolylmaleimide IX rapidly induced apoptosis in CLL cells from all patients examined (n ¼ 15), and Z-VAD.fmk markedly inhibited apoptosis in cells from all but one of the patients (Figure 1b) . These results suggested that the induction of apoptosis by bisindolylmaleimide IX was primarily caspase-dependent, although in some patients a caspaseindependent pathway may also be present. In order to confirm the apoptotic nature of bisindolylmaleimide IX cell death, cells were examined by electron microscopy. The bisindolylmaleimide IX-treated cells showed typical apoptotic morphology with particularly marked condensation of chromatin in apoptotic cells ( Figure 2 ).
Caspase-9 is the apical caspase in bisindolylmaleimide IX-induced apoptosis
In order to determine which caspases were involved in bisindolylmaleimide IX-induced apoptosis, cells were analysed by Western blotting. In control cells, caspase-3, -7, -8 and -9 were all present as their unprocessed zymogens, with little processing being observed during 8 h of culture ( Figure 3 , lanes 1-5). Caspase-8 was present in CLL cells as two isoforms of B55 and 53 kDa, corresponding to caspase-8a and -8b. 23 Following treatment with bisindolylmaleimide IX, processing of all the four caspases was clearly observed after 6 h, with some processing of the apical caspase-8 and -9 observed at 4 h ( Figure 3 , lanes 7-10). Caspase-8 was processed in a time-dependent manner to its p43 and p41 forms, corresponding to cleavage of both caspase8a and -8b between their large and small subunits. Caspase-9 was processed to two fragments of B35 and 37 kDa, resulting from cleavage between the large and small subunits at Asp 315 and Asp 330, respectively. 24, 25 Caspase-3 was processed to its catalytically active large subunits p19 and p17, and caspase-7 was processed to its catalytically active large subunit p19. Owing to differing antibody sensitivities, there is always some difficulty in discerning which caspase is activated first in a caspase cascade. However, in this respect, the results with Z-VAD.fmk were particularly interesting. Z-VAD.fmk blocked the processing of caspase-7 and -8 completely, blocked the autoprocessing of caspase-3 from its p20 to p19 and p17 forms, and blocked the processing of caspase-9 to its p37 fragment, but had little or no effect on its processing to its p35 fragment (Figure 3 lane 11) . Taken together, these results strongly suggest that caspase-9 is the apical caspase in bisindolylmaleimide IXinduced apoptosis.
In order to better understand the effects of Z-VAD.fmk on caspase-3 processing, in particular the inhibition of its autoprocessing from its p20 to p19 and p17 forms, we used lysates from CLL cells in the presence or absence of DEVD.CHO, a caspase-3-like inhibitor. In lysates, we used this inhibitor as it is relatively specific for caspase-3-like activities and cell permeability was not a consideration. In dATP-activated lysates from a number of different cellular systems, caspase-9 is activated as the apical caspase following oligomerisation of Apaf-1. Similarly, in dATP-activated CLL lysates, caspase-9 was rapidly activated, processing to the p35 form being observed as early as 30 s after activation (Figure 4a, lane 3) . This was followed by activation of caspase-3 and -7 (Figure 4b and c) , and finally by processing of caspase-8 and -2 only observed after 30 min (Figure 4d and e, lane 7) . In the presence of DEVD. CHO (10 mM), processing of caspase-8 and -2 was completely blocked (Figure 4d and e, lane 9), and processing of caspase-9 to its p37 but not its p35 fragment was also inhibited (Figure 4a , lane 9). DEVD.CHO was clearly acting selectively, as it did not block the activity of caspase-9 as both caspase-3 and -7 were still processed to their large subunits (Figure 4b and c, lane 9); however, it blocked the processing of caspase-3 at its p20 form, with almost no processed p19 and p17 forms being formed. Thus, the pattern of caspase-3 processing in dATP-activated lysates in the presence of DEVD.CHO was almost identical to that observed in bisindolylmaleimide IXtreated cells in the presence of Z-VAD.fmk (compare Figure 3 (lane 11) and Figure 4b (lane 9) ). Taken together, these results further support the suggestion that caspase-9 is the apical caspase in bisindolylmaleimide IX-treated cells. In addition, these results demonstrate that caspase-9 is also the apical caspase in dATP-activated CLL lysates in an analogous manner to other activated lysates.
Bisindolylmaleimide IX induces a release of proapoptotic mediators from the mitochondria Perturbation of mitochondria is often accompanied by the release of proapoptotic mediators, such as cytochrome c, Smac and Omi/HtrA2, from the inner mitochondrial membrane space. [26] [27] [28] [29] [30] [31] In order to assess the involvement of such proapoptotic molecules in bisindolylmaleimide IX-induced apoptosis of CLL cells, we examined cytosol from treated cells at different times. In control cells, small amounts of Smac, Omi/ HtrA2 and cytochrome c were released from mitochondria to cytosol in a time-dependent manner commensurate with the low levels of spontaneous apoptosis, as assessed by AnnexinV binding ( Figure 5, lanes 1-6) . Following treatment with bisindolylmaleimide IX, a marked time-dependent increase in cytosolic Smac, Omi/HtrA2 and cytochrome c was readily observed in parallel with the increased levels of apoptosis ( Figure 5, lanes 7-11) . Bisindolylmaleimide induces a time-dependent processing of caspases. CLL cells were incubated for up to 8 h either alone (lanes 1-6) or in the presence of bisindolylmaleimide IX (0.4 mM) (lanes 7-11) with or without Z-VAD.fmk (200 mM) as indicated. Cells were then analysed by immunoblotting for the processing of caspase-3, -7, -8 and -9, as described in Materials and methods. The proforms and processed forms of the caspases are indicated. Apoptosis was assessed by externalisation of phosphatidylserine. The results presented are from one patient representative of six patients examined.
Figure 4
Caspase-9 is processed before caspase-3, -7 and -8 in activated CLL lysates. Lysates from CLL cells were prepared and activated in the presence of dATP (2 mM) and cytochrome c (0.25 mg/ ml). Following dATP activation, processing of caspase-3, -7 -8 and -9 was measured from 0 to 60 min either alone (lanes 1-8) or in the presence of the caspase-3 inhibitor DEVD.CHO (10 mM) (lane 9). No processing of the caspases was observed when the lysates were incubated for 60 min in the absence of dATP and cytochrome c (lane 10). The results presented are from lysates from one patient representative of two patients examined.
Bisindolylmaleimide IX induces a conformational change in Bax
We wished to see if there was any change in Bcl-2 family members during bisindolylmaleimide IX-induced apoptosis as they control the release of proapoptotic mediators from the mitochondria. [26] [27] [28] 30 The proapoptotic Bcl-2 family member, Bax is often associated with mitochondrial perturbation, resulting in the release of cytochrome c, Smac and Omi. 29, 31, 32 We wished to determine if alterations in Bax were associated with the induction of apoptosis by bisindolylmaleimide IX. In many cell types including CLL cells, Bax is primarily a cytosolic protein. 21, 32, 33 Bisindolylmaleimide IX induction of apoptosis was accompanied by a time-dependent loss of cytosolic Bax ( Figure 5 , lanes 7-11) and translocation to mitochondria (data not shown), in agreement with our previous findings showing a translocation of Bax in CLL cells treated with a proteasome inhibitor. 21 This time-dependent loss of cytosolic Bax appeared to accompany or precede the appearance of cytosolic cytochrome c, Smac and Omi/HtrA ( Figure 5, lanes  7-11) . This loss of cytosolic Bax was also accompanied by a conformational change in Bax, as assessed by an increase in the population of Bax hi cells detected by flow cytometric staining of permeabilised fixed cells with anti-Bax Clone 3 antibody ( Figure 6 ). This antibody recognises an exposed epitope on the protein. 21 Bisindolylmaleimide IX, in the presence of Z-VAD.fmk, still caused an increase in the Bax hi cells, but the mean fluorescence intensity was decreased. Some variability in this was observed, with a greater decrease in mean fluorescence intensity being observed in some patients. The exact interpretation of the decrease in mean fluorescence intensity is not clear, but it suggests that the initial effects of bisindolylmaleimide IX resulting in an altered Bax conformation are independent of caspases, but there may be some later effects that are caspase mediated.
Bisindolylmaleimide IX-induced apoptosis is accompanied by a caspase-mediated cleavage of Mcl-1, but not of Bcl-2
Although induction of apoptosis in CLL cells has been associated with an alteration of the ratio of Bcl-2/Bax, 9, 10 we and others have recently demonstrated that in some cases translocation of Bax to mitochondria may be more important. 21, 33 As bisindolylmaleimide IX-induced apoptosis of CLL cells involved translocation of Bax to mitochondria, we wished to investigate whether any alterations were observed in any of the major antiapoptotic Bcl-2 members present in CLL cells, namely Bcl-2, Bcl-x L or Mcl-1. No alterations in Bcl-2 or Bcl-x L were observed during bisindolylmaleimide IX-induced apoptosis ( Figure 7 and data not shown). However, in marked contrast, a time-dependent loss of Mcl-1 was observed. This loss was accompanied by the concomitant appearance of an B28 kDa cleavage product. Both the loss of intact Mcl-1 and the appearance of the cleavage product were prevented by Z-VAD.fmk, suggesting that the cleavage was caspase mediated. A similar time-dependent cleavage of Mcl-1 was observed when CLL cells were exposed to the proteasome inhibitor MG132 (data not shown), suggesting that the cleavage may be a common feature of apoptosis in CLL cells.
Figure 5
Bisindolylmaleimide IX induces a time-dependent release of mitochondrial cytochrome c, Smac and Omi. CLL cells were incubated for the indicated times either alone (lanes 1-6) or in the presence of bisindolylmaleimide IX (0.4 mM) (lanes 7-11). Cytosolic fractions were obtained as described in Materials and methods, resolved by SDS-PAGE and immunoblotted for cytochrome c, Smac, Omi or Bax. Apoptosis was assessed by externalisation of phosphatidylserine. The results presented are from one patient representative of at least three patients examined. 
Mcl-1 is preferentially cleaved by caspase-3
In order to determine which caspase or caspases was responsible for Mcl-1 cleavage, we incubated in vitro translated [ 35 S]-Mcl-1 with either recombinant caspase-3, -7 or -8. Both caspase-3 and -7 processed Mcl-1 in a concentration-dependent manner to give two major cleavage products, whereas little or no cleavage was observed with caspase-8 ( Figure 8 ). Two products detected by autoradiography are indicative of one primary cleavage site. Caspase-3 was much more effective than caspase-7 in cleaving Mcl-1. The B28 kDa cleavage product observed was similar in size to that seen in cells, suggesting that caspase-3 was the major caspase responsible for cleavage of Mcl-1 in cells undergoing apoptosis, but we cannot exclude a possible contribution from caspase-7 in this cleavage.
Discussion
To our knowledge, this is the first report that bisindolylmaleimide IX is a potent inducer of apoptosis in CLL cells. Initially, when we used bisindolylmaleimide IX to sensitise CLL cells to TRAIL-induced apoptosis, 8 we noted that it alone induced apoptosis. Bisindolylmaleimide IX induces apoptosis in a cell type-dependent manner, HL-60 cells being sensitive whereas thymocytes appear resistant. 34, 35 In addition, we have shown that bisindolylmaleimide IX induces apoptosis in Jurkat T cells, but is 10-fold less potent than in CLL cells (data not shown). Thus, CLL cells appear to be particularly sensitive to the apoptosis-inducing effects of bisindolylmaleimide IX.
Bisindolylmaleimide IX-induced apoptosis of CLL cells occurs primarily by perturbation of mitochondria and activation of the intrinsic pathway. Support for this conclusion was provided by our findings that bisindolylmaleimide IX induces the release of the proapoptotic mediators cytochrome c, Smac and Omi from mitochondria. Apoptosis induced by chemotherapeutic agents, growth factor withdrawal and stress, all result in perturbation of mitochondria and release of cytochrome c from the mitochondrial intermembrane space into the cytosol. [26] [27] [28] Cytochrome c then binds to Apaf-1, thus allowing binding of ATP/dATP and oligomerisation of Apaf-1 to form the apoptosome, which binds and activates caspase-9, and in turn recruits and activates the effector caspase-3 and -7. 25, 36, 37 In this post-mitochondrial Apaf-1 apoptosome pathway, caspase-3 can then activate caspase-6, which in turn activates caspase-8. 38 Thus, in the intrinsic pathway, caspase-8 is activated at a late stage and as a bystander caspase, with little or no important function in contrast to the death receptor pathway when caspase-8 is activated as the initiator caspase at the DISC. [3] [4] [5] [6] Our data demonstrate that bisindolylmaleimide IX activates caspase-9 as the initiator caspase (Figure 3) . On exposure to bisindolylmaleimide IX, processing of both the initiator caspase-8 and -9 and the effector caspase-3 and -7 was observed, making it difficult to distinguish between both pathways. However, in the presence of the caspase inhibitor Z-VAD.fmk, the activity of caspase-3 was totally inhibited, as evidenced by inhibition of its autoprocessing from its p20 to p19 and p17 forms. 39 In addition, the processing of caspase-9 at Asp 330 to yield the p37 fragment, which is catalysed by the activity of caspase-3, was also largely inhibited. 40, 41 Finally, the Apaf-1-mediated processing of caspase-9 at Asp 315 to yield the p35 fragment was largely unaffected by Z-VAD.fmk, whereas the processing of caspase-8 was completely inhibited. In dATP-activated, lysates from CLL cells, caspase-9 was also activated as the apical caspase as has been found in other cellular systems. 38 Furthermore, in lysates DEVD.CHO did not block the caspase-9-mediated processing of caspase-3, but did block the activity of caspase-3, thus totally inhibiting the processing of caspase-8 and -2, as well as the autoprocessing of caspase-3 to its p19 and p17 forms (Figure 4 ). These results demonstrate that in CLL lysates, caspase-8 is activated as a downstream caspase, as described in Jurkat cells. 38 Taken together, these data demonstrate that caspase-9 is the initiator caspase in bisindolylmaleimide IX-induced apoptosis and caspase-8 is activated as a downstream bystander caspase.
Our data demonstrate the mitochondrial release of Smac and Omi during the induction of apoptosis in CLL cells. Although the mechanism of potentiation of apoptosis by Smac and Omi has not been characterised in CLL cells, in other systems they have been shown to potentiate apoptosis partly through the relief of caspase inhibition by an endogenous family of caspase inhibitors, the inhibitor of apoptosis (IAP) proteins, particularly XIAP. 42 After formation of the Apaf-1 apoptosome, caspase-9 is recruited and activated to its p35/p12 form. The ATPF motif at the N-terminus of the small p12 subunit of processed caspase-9 binds to a surface groove on the BIR3 domain of XIAP, and inhibits the activity of caspase-9. [40] [41] [42] The N-terminal tetrapeptides in Smac/ Diablo (AVPI) and Omi/HtrA2 (AVPS) also bind to the BIR3 domain of XIAP, thus displacing caspase-9 and relieving its inhibition. 42 Thus, bisindolylmaleimide IX-induced release of Smac and Omi may rapidly reverse XIAP inhibition of caspase-9 in CLL cells, thus facilitating caspase-9 activation of the effector caspase-3 and -7, and the cleavage of various substrates responsible for the morphological and biochemical features of apoptosis. Interestingly, Omi also induces a caspase-independent cell death through its serine protease activity, 31 compatible with it being responsible at least in part for the caspaseindependent cell death induced by bisindolylmaleimide IX in some patients.
How are these proapoptotic mediators released from mitochondria during bisindolylmaleimide IX-induced apoptosis in CLL cells? Evidence suggests that the proapoptotic Bcl-2 homologue Bax is a pivotal regulator of the release of apoptogenic factors from the mitochondrial intermembrane space, possibly by involving interaction with integral mitochondrial pore proteins or generation of multimeric Bax channels. 27, 28 Bisindolylmaleimide IX induction of apoptosis was accompanied by a conformational change and translocation of cytosolic Bax to mitochondria (Figure 4 and data not shown), in agreement with our previous findings showing a translocation of Bax in CLL cells treated with a proteasome inhibitor. 21 Our data showing that the loss of cytosolic Bax precedes or accompanies the appearance of cytosolic cytochrome c, Smac and Omi/HtrA2 (Figure 4 , lanes 7-11) supports a possible causal relationship between these two events.
Interestingly, a marked time-dependent caspase cleavage of Mcl-1 was observed during bisindolylmaleimide IX-induced apoptosis of CLL cells. Mcl-1, an antiapoptotic Bcl-2 family member containing BH1-BH4 homology domains, is highly regulated at many levels, and the ability to control its expression may be important in controlling cell fate decisions. 43 Mcl-1 localises to the mitochondrial as well as other intracellular membranes, has a relatively short half-life and associates with proapoptotic Bcl-2 family members. 43, 44 To our knowledge, there is currently only one previous report of Mcl-1 cleavage in CD95-induced apoptosis in Jurkat cells. 45 Cleavage of Mcl-1 may be a common feature of apoptosis in CLL cells, as it occurs in CLL cells induced to undergo apoptosis by a number of diverse agents, including bisindolylmaleimide IX and the proteasome inhibitor MG132. This may be of particular significance because of the possible importance of Mcl-1 in the survival of various haematopoietic cells as well as CLL and myeloma cells. 46, 47 Mcl-1 is commonly expressed in CLL cells, and high levels strongly correlate with a failure to achieve complete remission. 11 In addition, elevated levels of Mcl-1 were found at the time of relapse, in cells from patients with acute myelogenous and acute lymphocytic leukaemia. 12 Flavopiridol, a protein kinase inhibitor, caused a concentrationdependent decrease in Mcl-1 in CLL cells, which preceded apoptosis and was not affected by caspase inhibitors. In contrast, 7-hydroxy-staurosporine also caused a decrease in Mcl-1, and although this decrease accompanied apoptosis and was partially prevented by caspase inhibitors, no cleavage product was observed. 48 It is possible that cleavage of Mcl-1 may interfere with many of its protective functions including its interactions with proapoptotic family members, thus resulting in an amplification of the apoptotic process.
Caspase-dependent cleavage of other antiapoptotic Bcl-2 family members, including Bcl-2 itself, has been reported to result in the formation of proapoptotic molecules. 49 Of the three antiapoptotic family members examined, namely Bcl-2, Bcl-x L and Mcl-1, we observed caspase-mediated cleavage of Mcl-1 only during the induction of apoptosis in CLL cells.
Although bisindolylmaleimide IX is widely described as a specific PKC inhibitor, it also inhibits a number of other enzymes. [50] [51] [52] In HL-60 cells, bisindolylmaleimide IX caused a release of cytochrome c and activation of caspase-3, but induced apoptosis independent of its ability to inhibit PKC. 34 Recently, it has been suggested that bisindolylmaleimide IX facilitates death receptor-induced apoptosis in part by acting as an inhibitor of transcription. 53 In this study, four bisindolylmaleimide derivatives (I, II, VIII and IX) were studied and bisindolylmaleimide IX was the most potent in converting a resistant phenotype to a sensitive phenotype. Relatively high concentrations of bisindolylmaleimide IX were required to sensitise these cells. In contrast, CLL cells are particularly sensitive to bisindolylmaleimide IX-induced apoptosis. Bisindolylmaleimide IX induced a conformational change in Bax, resulting in its translocation to the mitochondria and the release of proapoptotic mediators, including cytochrome c, Smac and Omi. This resulted in the activation of the intrinsic pathway with caspase-9 as the initiator caspase, followed by activation of effector caspases. Activation of caspases resulted in the cleavage of Mcl-1, a critical antiapoptotic Bcl-2 family member in CLL cells. This cleavage may facilitate a feed-forward amplification loop in drug-induced apoptosis of CLL. Owing to the susceptibility of CLL cells to bisindolylmaleimide IX-induced apoptosis, the identification of its target may be valuable in the development of novel therapy for treatment of CLL.
